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Optimisation of multi-point forming process parameters Abstract The need for sheet metal forming using reconfigurable dies has increased due to rapid changes in part design to meet customer requirements, especially in the automotive industry. Reconfigurable dies have relatively low manufacturing cost compared with solid dies, and the same tool can be readily changed to produce different parts. Previous investigations have focused on avoiding defects without taking into account the effects of process on the quality characteristics of fabricated parts. This study investigated the influence of parameters, such as the elastic cushion thickness, coefficient of friction, pin size and radius of curvature, on the quality of parts formed in a flexible multi-point stamping die. The aim was to determine the optimum values of those parameters. Finite element modelling was employed to simulate the multi-point forming of hemispherical parts. Using the response surface method, the effects of process parameters on wrinkling, deviation from the target shape and thickness variation were investigated and the process parameters yielding the best product quality characteristics were obtained. The results show that pin size and radius of curvature have the greatest influence on wrinkling and deviation between formed and target shapes, while coefficient of friction, pin size and radius of curvature significantly affect thickness variation.
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Introduction
Sheet metal forming using multi-point pin stamping is a useful technique for producing three-dimensional parts. A multi-point forming (MPF) die uses a matrix of pins, which can move normally to the die base to create the die surface. The process is flexible to accommodate rapid changes in product design without affecting tooling costs. Many investigations have been conducted to develop the MPF technique [1] [2] [3] [4] . Walczyk and Hardt [1] reviewed MPF die design techniques, which include construction of the die model, clamping of the pin matrix, containment frame and load capacity. Qian et al. [2] reported that complex shapes such as satellite heads can be fabricated using MPF. Cia et al. [3] investigated the effect of the contact points between the pins and sheet on process defects, such as dimpling, wrinkling and spring back. The effect of forming force and mesh size on these defects was also investigated. For a given pin setup, a large number of numerical simulations are required to obtain the design shape without defects. Paunoiu et al. [4] investigated the impact of the pin network type on the deformation process in MPF with a fixed configuration. Sheet thickness, stress, forming force and spring back were used as measures to evaluate the process. They found that the pin type selected depends on the design reasons. Paunoiu et al. [5] developed numerical simulation models using a dynamic finite element programme and investigated the effect of tool geometry as well as the use of an elastic cushion on the deformation behaviours. The elastic cushion had a positive effect on the part surface and a negative effect on shape accuracy. Kareem and Imad [6] investigated the effect of localised deformation on surface quality and the important role of the elastic cushion in preventing the formation of dimples. It was found that a thicker elastic cushion leads to geometrical errors in the fabricated part. Liu et al. [7] studied the impact of cushion material, cushion thickness and coefficient of friction on surface quality in micro multipoint sheet forming and found that proper selection of elastic cushion material and thickness can significantly improve surface quality, especially when combined with using lubrication. Abebe et al. [8] proposed surrogate-based multi-objective optimisation to reduce wrinkling and dimpling during the MPF process. However, they did not consider uncertainties in factors such as material properties, friction at the interfaces and the workpiece thickness, which may deteriorate the quality of the workpiece during multi-point dieless forming. However, the study ignored the influence of pin dimensions.
Previous investigations have focused on qualitatively studying the effects of pin configuration, elastic cushion material/ thickness and coefficient of friction on the formation of defects and surface quality. An investigation that covers a range of process parameters and their effects on quality characteristics (i.e. surface quality and geometrical accuracy) is required to provide a better understanding of the process. Statistical analysis by means of design of experiments (DOEs) and analysis of variance (ANOVA) is widely used in manufacturing to investigate the influence of process parameters [9, 10] .
In this work, the response surface method and finite element modelling were employed to determine the most important process parameters in MPF. The influence of process parameters including elastic cushion thickness, coefficient of friction, pin size and radius of curvature on the quality characteristics of formed parts was evaluated. The quality characteristics of interest included surface quality measures such as wrinkling and geometrical accuracy measures such as maximum deviation from target shape and thickness uniformity. Additionally, the optimum process parameters to minimise thickness variation and deviation from target shape without formation of wrinkles were obtained.
The remainder of the paper is structured as follows. Section 2 gives details of the finite element model and the properties of materials used. Section 3 describes the DOEs to investigate the effects of process parameters on response parameters. To validate the model, Sect. 4 compares the modelling against previous experimental work. Section 5 discusses the modelling results obtained. Section 6 describes the use of the model to predict the response parameters. Section 7 discusses the optimal forming of a spherically shaped component. Section 8 concludes the paper.
2 Numerical modelling of multi-point forming FE models were developed for a MPF die, which consists of a pair of pin matrices, a blank sheet and two elastic cushions. Due to symmetry, only a quarter of the die was simulated to reduce computation time. The pins have a hemispherical tip and square cross section. Three pin tip radii were considered, namely, 10, 15 and 20 mm. The length of the square cross section is equal to the tip radius. Three pin configurations were simulated: a 10 × 10 matrix (using a 10-mm pin tip radius), a 6 × 6 matrix (using a 15-mm pin tip radius) and a 5 × 5 matrix (using a 20-mm pin tip radius) as shown in Fig. 1a -c. Figure 2 shows the pin shapes and dimensions. The material of the blank sheet used in the numerical simulation is medium-strength DC05 steel with 1-mm thickness. The mechanical properties of DC05 steel are shown in Table 1 . The material was assumed to be isotropic, and the elasto-plastic model was used. Power law equation was selected to represent the flow stress of the material as shown in Eq. 1 [11] .
where σ is the true stress, k is the strength coefficient, ε is the true strain, and n is the strain hardening. Figure 3 shows the stress-strain curve of DC05 sheet steel obtained from a uniaxial tensile test using a Zwick tensile test machine and the curve generated by fitting a power law to the experimental data.
An elastic cushion is required in MPF to protect the sheet from dimpling [12, 13] . In this investigation, the material of the elastic cushion was chosen to be polyurethane A-90 as it is commonly used in this process [13] . Figure 4 shows the flow stress for polyurethane A-90 obtained using a Zwick tensile test machine. The experimental results are very similar to those by Seo et al. [14] . The experimental behaviour of the elastic cushion was also compared against three material models, namely Mooney-Rivlin, Neo-Hooke and Yeoh. As shown in Fig. 4 , the hyperelastic model (Mooney-Rivlin model) describes well the hyperelastic behaviour of polyurethane A-90. The model can be expressed using the following equation:
where W is the strain energy per unit volume, I 1 and I 2 are the first and second invariants of the deviatoric strain tensor, and C 10 and C 01 are the temperature-dependent material properties obtained from a uniaxial compression test conducted using a Shore hardness of 90. The values of C 10 and C 01 are 0.861 and 0.354, respectively. The metal sheet and elastic cushion were modelled as deformable bodies, and the ABAQUS C3D8R quadratic element type was used [15] . The numbers of elements for the metal sheet and the 3-mm-thick elastic cushion were 288,300 and 9248, respectively. The upper and lower dies were modelled as rigid bodies, and the element type was R3D4. The number of elements for the upper die was equal to that for the lower die in all three models 59,400; 46,080; and 53,550 elements for dies with pin sizes 10, 15 and 20 mm, respectively. Since only a quarter of the model was considered, symmetric boundary conditions were applied to the sheet and elastic cushion. Displacement boundary conditions were used to fix the lower die in the X, Yand Z directions and the upper die in the X and Z directions. The upper die was moved in the Y direction. The finite element mesh and boundary conditions are shown in Fig. 5 .
In common with simulations of other sheet metal forming processes such as conventional deep drawing and stamping, an explicit solver was used to avoid convergence issues because the number of elements was high, and the contact problem was complicated [8, 16] .
Model validation
The finite element model was validated against experimentally published results obtained by Kadhim et al. [17] . As shown in Fig. 6 , the force gradually increased to 45 kN, which corresponds to 50 mm of the upper die displacement. At this position, all pins were in contact with the elastic cushion and plastic deformation started to take place. After that, the force rapidly increased with plastic deformation due to strain hardening of the material. The maximum predicted force is about 88 kN when the upper and lower dies are closed. The predicted forming force was compared to the measured force, as shown in Fig. 8 , and good agreement was found with a maximum error of about 11%.
Design of experiments
The objectives of experiment design are to show the effect of process parameters on response parameters and to determine the most critical forming parameters affecting each response parameter. This then enables the identification of parameters giving the best response. The pin size, thickness of the elastic cushion, radius of curvature and coefficient of friction were selected as the main process parameters as in previous investigations [7, 14] . Wrinkling, maximum deviation between formed shape and target shape and thickness variation were used to represent the quality of the formed part. The central composite response surface method was used to generate a set of experiments for four process parameters in which each factor was varied over three levels: low, intermediate and high. Table 2 process parameters used in the simulation. Wrinkling was taken as the normal distance between the target and deformed shapes at every wrinkling amplitude as shown in Fig. 7 , and the root-mean-square error (RMSE) (Eq. 3) was used to calculate the numerical value of wrinkling, where n is the number of wrinkling waves and Z i is the amplitude of wrinkling wave. Thickness was measured at different locations across the sheet, and the standard deviation (SD), expressed in Eq. 4, was used to represent thickness variation. In Eq. 4, x i is a value in the data set, x is the mean of the data set, and N is the number of data points. The maximum deviation from the target shape, which typically occurs at the centre of the sheet, was also measured as shown in Fig. 8 .
5 Results and discussion Table 3 shows the experimental plan, based on the response surface method, and the numerical results for wrinkling, thickness variation and deviation between formed and target shapes for 27 experiments. All the simulation results were statistically analysed using Design Expert 7.0 [18, 19] . Analysis of variance (ANOVA) was performed to identify significant process parameters. In this investigation, the null hypothesis was that the factor under consideration was insignificant. A significance level of 5% was used, which means that the more the P value falls below 5%, the more important is the factor [20] . Table 4 shows the P value for the main factors and interactions. The ANOVA results suggest that a quadratic model closely describes the wrinkling and maximum shape deviation while a two-factor interaction model provides a very good prediction of the thickness variation. The R 2 and adjusted R 2 values, which are measures of model best fit, did not go below 95% for any responses.
The ANOVA results in Table 4 indicate that pin size and radius of curvature are the most important factors and have a significant effect on wrinkling, maximum shape deviation and thickness variation. Friction has a significant effect on thickness variation only while cushion thickness has no important effect. Additionally, interactions between cushion thickness and friction and between cushion thickness and pin size affect thickness variation. Figure 9 shows the effect of pin size and radius of curvature on wrinkling. It can be seen from the surface plot that wrinkling increased noticeably with a decrease in the radius of curvature. Figure 10 reveals the stress distribution on both sides of the sheet when a small radius of curvature is used. A small radius of curvature will lead to large bending deformation, combined with plane stress as the sheet surface tries to contract under the pins. This leads to stress instability and wrinkling [3] . Small pins (less than 12.5 mm) or large pins (more than 17.5 mm) will increase wrinkling. Using pins that are too small will reduce the pin offset (the height difference between two adjacent pins), which forces the elastic cushion to flow towards the sheet edges. As such, the thickness of the elastic cushion at the edges increases, which leads to wrinkling. Too large a pin size will increase the pin offset causing non-uniform stress distribution especially Fig. 7 Calculation of wrinkling (see also Eq. 3) Fig. 8 Measure of maximum deviation from the target shape at the edges of the sheet (where wrinkling takes place). Minimal wrinkling can be obtained when using a large radius of curvature (800 mm) and medium-size pins (15 mm). Figure 11 shows the effect of pin size and radius of curvature on the maximum shape deviation. It can be seen from the surface plot that the maximum deviation increases with a decrease in the radius of curvature. Using small pins (less 12.5 mm) or large pins (more than 17.5 mm) will increase the maximum deviation. Figure 12 shows the pressure distribution on the deformed sheet when small pins and large pins are used. Too small a pin (less than 12.5 mm) will reduce the contact area which increases stresses. Excessive stresses will over-deform the sheet and increase the maximum deviation from the target. Too large a pin (more than 17.5 mm) will increase the contact area, reducing stresses. Having insufficient stresses does not the required deformation and increases the deviation from the target. The minimum deviation from the target shape can be obtained when using a large radius of curvature (800 mm) and medium-size pins (15 mm).
Wrinkling

Maximum shape deviation
Thickness variation
Figures 13 and 14 show the effect of the coefficient of friction, pin size and radius of curvature on thickness variation. As can be seen in Fig. 13 , the higher the coefficient of friction, the larger the thickness variation. When the coefficient of friction increases, relative motion between the sheet and the cushion becomes difficult. This resists the material flow underneath the pins which leads to sheet thinning in the middle of the die and thickening at the sheet edges [21] . Additionally, a small pin size leads to an increase in the thickness variation. When small pins are adopted, the spacing between the pin tips decreases, which causes more resistance to the flow and deformation of the elastic cushion. This leads to non-uniform deformation of the sheet. The minimum thickness variation is obtained when using large pins and having zero friction. From Fig. 14 , it can be seen that the thickness variation increased with increasing friction and curvature. The maximum thickness variation occurs when the radius of the curvature is small (400 mm) and the friction is high (0.1). When the curvature is small (400 mm), fewer pins will be in contact with the sheet at the beginning of deformation. As a result, stress concentration will occur, which leads to localised sheet thinning in the middle of sheet [22] . Figures 15 and 16 show the effect of interaction between elastic cushion thickness and coefficient of friction and between elastic cushion thickness and pin size on workpiece thickness variation. When there is no friction, the workpiece thickness variation decreases with an increase in elastic cushion thickness. When there is friction, the variation in the workpiece thickness increases with the elastic cushion thickness. A thick elastic cushion is expected to expand laterally when compressed. However, a high coefficient of friction will resist this expansion, which leads to non-uniform deformation. With large pins, the effect of cushion thickness on workpiece thickness variation becomes negligible. However, when small pins adopted, increasing the elastic cushion thickness will lead to an increase in the thickness variation [21] . This is because the gaps between the pins become smaller, which restrains the deformation of the elastic cushion. Thus, a combination of a thick elastic cushion and small pins causes the largest variation in workpiece thickness.
Prediction of response factors
An empirical model has been developed to predict wrinkling, maximum deviation from target and thickness variation using a general second-order polynomial equation (Eq. 5). This Table 5 .
where q is the response parameter (i.e. wrinkling, maximum deviation from target or thickness variation), A is the elastic cushion thickness, B is the coefficient of friction, C is the pin size, D is the radius of curvature, and k 0 -k 14 are the model coefficient values corresponding to each response parameter. Table 5 shows the values of k 0 -k 14 .
Optimisation of process parameters
Optimal working parameters were chosen to yield a spherical shape product that had almost no wrinkling and minimal shape deviation and thickness. The set of process parameters that can achieve this objective was numerically obtained as shown in Table 6 . The optimal setting is 10-mm pin size, 3-mm cushion thickness, 0.08 coefficient of friction and 800 radius of curvature. A single experiment was carried out using a MPF die with 10-mm pins (see Fig. 17a ) to validate these results. The fabricated part is shown in Fig. 17b . The sheet was cut into two halves (see Fig. 17c ). The profile of the deformed sheet was measured using a high-resolution 3D laser scanner. The data was then used to compare the formed shape with the target shape and to calculate the maximum deviation from target, as shown in Fig. 18 . The thickness was measured using a high-resolution point-type digital micrometre at 17 points across the centre line of the deformed sheet as shown in Fig. 18 . Table 7 shows that the predicted results agree well with the measurements. 
Conclusion
In this investigation, finite element modelling was used to calculate the amount of deformation of a workpiece in MPF. The response surface method was employed to generate an experimental plan, and the ANOVA technique was adopted to identify significant process parameters. This study demonstrated the following:
1. The pin size and radius of curvature have a significant effect on all response parameters, i.e. wrinkling, maximum deviation from target shape and thickness variation, while the coefficient of friction only has a significant effect on the thickness variation.
2.
For each of the response parameters, there were significant parameter interactions; a mathematical model can be obtained accurately to describe the influence of the process parameters. 3. As the workpiece radius of curvature decreased, wrinkling, maximum shape deviation and thickness variation increased. Both large and small pins lead to increased wrinkling and maximum shape deviation while using large pins reduces thickness variation. A high coefficient of friction leads to increased thickness variation. 4. A doubly curved sheet could be produced with no wrinkling, accurate dimensions and high thickness uniformity. 
